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Abstract. We discuss medium effects on light cluster production in the
QCD phase diagram within a generalized Beth-Uhlenbeck (GBU) ap-
proach by relating Mott transition lines to those for chemical freeze-out.
We find that in heavy-ion collisions at highest energies provided by the
LHC light cluster abundances should follow the statistical model because
of low baryon densities. At low energies in the nuclear fragmentation re-
gion, where the freeze-out interferes with the liquid-gas phase transition,
selfenergy and Pauli blocking effects are important. At intermediate ener-
gies the HADES, FAIR and NICA experiments can give new information.
The GBU approach provides new insights to strange hadron production
in this energy domain for explaining the ”horn” effects.
Keywords: light clusters, Mott transition, Beth-Uhlenbeck,K+/pi+ horn
effect, ALICE, HADES, NA49, NA61/SHINE, MPD, BM@N
1 Chemical freeze-out in the QCD phase diagram
The beam energy scan (BES) programs of heavy-ion collisions (HIC) provide
insights into the systematics of particle production under varying conditions of
temperature and density of the evolving hadronic fireball created in these ex-
periments. A remarkable fact is that the thermal statistical model of hadron
production makes excellent predictions for particle yields with just two free pa-
rameters: the temperature Tfo and the baryon chemical potential µB,fo at the
chemical freeze-out [1]. The chemical freeze-out concept assumes that the system
is approximately described by the equilibrium as long as collisions are frequent
to establish the corresponding distributions. For an expanding fireball, this is no
longer the case at a critical density so that the chemical equilibrium freezes out
at the corresponding parameter values for temperature T and baryon number
density nB . An empirical relation for Tfo as function of µB has been given in [2]
Tfo[GeV] = 0.166− 0.139(µB/GeV)2 − 0.053(µB/GeV)4, (1)
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with µB [GeV] = 1.308/[1 + 0.273
√
sNN/GeV] and
√
sNN =
√
2mNElab + 2m2N ,
mN = 0.939 GeV. It has been discussed in [3] that (1) apparently works well
down to Tfo ∼ 10 MeV corresponding to HIC at moderate laboratory energies
of Elab = 35 AMeV [4] which have been analyzed in the quantum statistical
freeze-out scheme in [5], but also up to highest energies provided by heavy-ion
collisions at the LHC [1].
Elab [A GeV]
√
sNN [GeV] Tfo [MeV] µB [MeV] n
no cluster[fm−3] ncluster[fm−3]
1.23 2.0 39.34 846.0 0.0231 0.0529
2.0 2.35 56.38 796.8 0.0371 0.0699
3.85 3.0 79.956 719.1 0.0636 0.0938
8.0 4.3 108.7 601.7 0.1045 0.1238
10 4.7 114.7 572.9 0.1122 0.1288
15 5.6 125.0 517.2 0.1225 0.1347
20 6.4 131.8 476.1 0.1260 0.1354
30 7.7 139.6 421.6 0.1251 0.1316
43 9.2 145.7 372.5 0.1196 0.1242
70 11.6 151.8 313.9 0.1086 0.1158
158 17.2 158.6 229.0 0.0875 0.0890
204 19.6 160.0 205.9 0.0813 0.0825
387 27 162.6 156.2 0.0680 0.0687
809 39 164.2 112.3 0.0566 0.0571
2194 64.2 165.3 72.5 0.0470 0.0474
21298 200 165.9 23.5 0.0364 0.0366
Table 1. Freeze-out temperatures Tfo and chemical potentials µB according to Eq.
(1) by Cleymans et al. [2] for heavy-ion collisions with beam energies Elab in the fixed
target mode and the corresponding center of mass energy
√
s in the nucleon-nucleon
system relevant for the collider mode. The last two columns display the total baryon
density according to the statistical model without and with light clusters.
In this contribution, we would like to focus on the region between these two
extremes, where the transition from baryon stopping to nuclear transparency
takes place and the highest baryon densities at freeze-out are reached. It is the
region of c.m.s. energies of the future NICA facility [6],
√
sNN = 2 . . . 11 GeV,
which was partly addressed already by AGS and CERN-SPS experiments as well
as the RHIC BES I program and the recent HADES experiment at GSI. Besides
the MPD and BM@N experiments at NICA it will be covered in future by the
low-energy RHIC and the RHIC fixed target programs as well as the FAIR CBM
experiment. We want to elucidate that the yields of light fragments (clusters)
like neutrons (n), protons (p), deuterons (2H, d), tritons (3H, t), helions (3He, h),
and α-particles (4He) undergo a change from being strongly affected by medium
effects at lowest energies to free-streaming quasiparticle behaviour at highest
energies and that a similar transition governs the appearance of the ”horn”
effects for the ratios of strange to nonstrange hadron production in this energy
range.
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In Tab. 1 we show freeze-out parameter values according to Eq. (1) for differ-
ent collision energies from the available and planned beam energy scan programs
together with the baryon densities for these parameters, calculated within the
statistical model with and without light clusters. The results are shown by the
plus symbols in the QCD phase diagram of Fig. 1, where also the coexistence
regions for the nuclear gas-liquid transition and for two examples of the hadron-
quark matter transition from Ref. [7] and [8] are displayed as grey shaded regions
together with their critical endpoints.
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Fig. 1. Chemical freezeout lines in the temperature density plane (phase diagram)
together with Mott lines for light clusters. The coexistence regions for the nuclear gas-
liquid transition and for two examples of the hadron-quark matter transition are shown
as grey shaded regions together with their critical endpoints. For details, see text.
Accounting for an excluded volume of the hadrons according to Ref. [9] (ver-
sion I) results in a reduction of the maximal densities that can be reached at
chemical freeze-out (cross symbols), see also [10]. Note that the account of light
clusters increases the freeze-out densities at low temperatures by about a factor
two when compared with a result where no light clusters have been taken into
account (triangle symbols) [10]. The freeze-out at high temperatures proceeds
from the quark-gluon plasma (QGP) and basically coincides with the behaviour
of the pseudocritical temperatures of the deconfinement transition Tc obtained
in lattice QCD simulations [11,12]. For Tfo < 100 MeV the freeze-out proceeds
from a subphase within hadronic matter, such as the quarkyonic phase charac-
terized by confinement and partial chiral symmetry restoration, resulting in a
triple point in the QCD phase diagram [13,14].
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Fig. 2. Binding energies of light clusters in nuclear matter as a function of density for
different temperatures. Vanishing binding energy defines the Mott transition density.
For details of the calculation, see [17] and [18].
2 Freeze-out and Mott transition for light clusters
The particle production measured in heavy ion collisions (HIC) is of interest to
infer the properties of dense matter. The time evolution of the fireball produced
in HIC demands a nonequilibrium approach to describe the time dependence of
the distribution function of the observed products, which are mainly neutrons,
protons, and clusters at low energies, but also mesons, hyperons and antiparti-
cles at high energies. Different transport codes have been developed to describe
the time evolution of the fireball, but the formation of bound states (clusters)
remains an open problem where some semi-empirical assumptions such as the
coalescence model are applied. The freeze-out concept can only be considered as
an approximation to describe disassembling matter. It has the advantage that
correlations and bound state formation are correctly described within a quantum
statistical approach. For a nonequilibrium theory, the equilibrium is a limiting
case, and even more, the quasi equilibrium (generalized Gibbs ensemble) serves
to define the boundary conditions for the nonequilibrium evolution, see [15].
A topical question is the debate about the origin of light (anti-)hypernuclear
clusters at LHC in the ALICE experiment which follow thermal statistical model
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Fig. 3. Left: Binding energies of light clusters in nuclear matter as a function of the
center of mass momentum P relative to the nuclear medium (Fermi sphere), see right
panel. Vanishing binding energy defines the Mott momentum above which the clusters
are bound states, see [18].
predictions with Tfo ∼ 156.5 MeV [1] despite the fact that their binding energy
is about two orders of magnitude smaller. Are they formed at the hadronization
of the QGP and survive because of the sudden character of the freeze-out or
are they formed by coalescence of baryons at a much later stage? Here we add
the notion of the Mott transition [16] to this discussion. Due to an interplay
of selfenergy and Pauli-blocking effects in the Bethe-Salpeter equation for light
nuclear clusters their binding energy becomes medium dependent, see Fig. 2 and
vanishes (Mott effect) along the Mott lines in the phase diagram, see Fig. 1. For
details of the calculation, see [18]. To the left of the Mott lines the corresponding
cluster is a bound state (at rest in the medium) while to the right of it the cluster
is partially dissociated. For highest energies (and temperatures) the medium
does not lead to a Mott effect and clusters are formed like in free space. When
lowering the energy there is a crossing between freeze-out and Mott lines which
strongly depends on details of the calculation as, e.g., the account for a finite
momentum of the clusters relative to the medium which would stabilize them, see
Fig. 3. The account for light clusters in calculating the freeze-out line removes
the second crossing with the Mott lines at low energies. It is very important
to study light (hyper)nuclear cluster production in an experiment like HADES,
BM@N or MPD to analyse the transition from high to low Tfo systematically.
Here we want to report first results of applying the sudden freeze-out scheme
to light cluster formation in the three-fluid hydrodynamics simulation program
THESEUS [21], by including scalar and vector selfenergies for nucleons as medium
effects in the particle distribution functions on the freeze-out surface. Calcula-
tions for the deuteron rapidity distribution in Pb+Pb collisions at Elab = 20
A GeV and 30 A GeV are shown in Fig. 4 and compared to experimental data
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from the NA49 collaboration. We observe that the best description is obtained
when the selfenergy effects are discarded. It is necessary to include also the
momentum-dependent Pauli-blocking effects in a further development of this
study and compare results with recent data from the HADES collaboration at
lower energies Elab = 1.23 A GeV [22] to find out at which energy the impor-
tance of nuclear medium effects for cluster production sets in. These new results
can be compared with previous results for light clusters [23] obtained within
THESEUS by applying the coalescence scheme [24] for cluster formation in the
final state of the collision.
Fig. 4. Results of the NA49 collaboration for the deuteron rapidity distribution in
Pb+Pb collisions at Elab = 20 A GeV (left panel) and Elab = 30 A GeV (right panel)
compared with results from the three-fluid hydrodynamics simulation (THESEUS) for
impact parameter b = 3 fm using a crossover equation of state model with a thermal
statistical model with (broken lines) and without (solid lines) selfenergy effects.
3 ”Horn” effects in strangeness production
The effect of a ”horn” structure for the ratio of strange to nonstrange particle
production as a function of the collision energy has been suggested by Gazdzicki
and Gorenstein [19] and was established experimentally by the NA49 collabo-
ration [20] for the particle ratio K+/pi+ to be located between the AGS and
the SPS domains of collision energy at
√
sNN ∼ 8 GeV. A similar structure
has also been found in the energy scan of the ratio Λ/pi− [1] and they have
been attributed to a tricritical point in the QCD phase diagram [13,14]. Within
standard HIC simulations this horn effect has not been reproduced (see, e.g.,
Ref. [21]), but when accounting for effects of partial chiral symmetry restoration
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on strangeness production already in the hadronic phase the horn effect is inter-
preted as an enhancement of strangeness production on the rising branch of the
ratio [25]. Another interesting aspect may be the occurrence of a plasmon-like
mode in the K+ channel at the hadronisation transition that can be described
within a PNJL model for the quark-gluon plasma [26], see Fig. 5. It is also
possible that a threshold-like enhancement of the pion production for collisions
at
√
sNN > 8 GeV due to the onset of Bose condensation of pions [27] con-
tributes to the pronouncedness of the effect [28]. A systematic approach should
also explain the strong system-size dependence observed by the NA61/SHINE
experiment [29].
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Fig. 5. The ”horn” in the
collision energy dependence
of the ratio K+/pi+ from
different experiments (full
symbols) compared to the
results from a GBU ap-
proach to pions and kaons
in dense quark matter
(solid line) [26]. The results
for K−/pi− are shown as
dotted line, to be compared
with the experimental data
(open symbols).
4 Conclusions
We have argued for the importance to combine quantum statistical analyses of
low-energy heavy-ion collisions with simulations the NICA parameter region.
Light clusters are of interest to determine the parameter values at freeze-out,
in particular the density that is not well known and the role of the in-medium
effects, for instance for the deuteron yield. A second topical goal is the study of
strange hadron production in this context, with inputs from chiral quark models
of hadrons within the generalized Beth-Uhlenbeck approach in order to pin down
the nature of the ”horn” effects for strange-to-nonstrange particle ratios.
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